The epithelium is the main entry point for many viruses, but the processes that protect barrier surfaces against viral infections are incompletely understood. Here we identified interleukin 22 (IL-22) produced by innate lymphoid cell group 3 (ILC3) as an amplifier of signaling via interferon- (IFN-), a synergism needed to curtail the replication of rotavirus, the leading cause of childhood gastroenteritis. Cooperation between the receptor for IL-22 and the receptor for IFN-, both of which were 'preferentially' expressed by intestinal epithelial cells (IECs), was required for optimal activation of the transcription factor STAT1 and expression of interferon-stimulated genes (ISGs). These data suggested that epithelial cells are protected against viral replication by co-option of two evolutionarily related cytokine networks. These data may inform the design of novel immunotherapy for viral infections that are sensitive to interferons. 
A r t i c l e s
Many viruses, such as hepatitis B virus, hepatitis C virus, human immunodeficiency virus, influenza virus, rotavirus and poliovirus, use replication in epithelial cells to establish infection of multicellular hosts, but the molecular networks that protect barrier surfaces against viral infections are incompletely understood 1, 2 . It is generally believed that interferons, such as type I interferons (i.e., interferon-α, (IFN-α) and IFN-β) and type III interferons (i.e., IFN-λ2 and IFN-λ3 in mice; collectively called 'IFN-λ' here), are essential in antiviral defense. Interferons are produced by virus-infected epithelial cells and induce an anti-viral state in cells receiving an interferon signal and thereby constitute an efficient innate defense mechanism 3, 4 . While type I and type III interferons and their receptors are only distantly related 5, 6 , they show almost completely identical signaling in that they activate the STAT1-STAT2 transcription factor signaling pathway, which leads to formation of the ternary ISGF3 ('interferon-stimulated gene (ISG) factor 3′) complex, consisting of STAT1, STAT2 and the transcription factor IRF9, that controls transcription of more than 300 ISGs encoding products that act in concert to restrict the replication of viruses 5, [7] [8] [9] [10] [11] .
IFN-λ and its receptor (IFN-λR) share homology with cytokines of the IL-10 family and their receptors. In particular, the gene encoding the α-chain of the IL-22 receptor (Il22ra1) is the closest relative of the gene encoding the IFN-λR1 chain (Ifnlr1) 5, 6 . Il22ra1 and Ifnlr1 are adjacent on chromosome 4 in mice or chromosome 1 in humans 5, 6 , and both IL-22Rα and IFN-λR1 associate with the IL-10Rβ chain (IL-10R2) to form functional, heterodimeric receptor complexes. The close relationship between IFN-λR and IL-22R is notable because both receptors are 'preferentially' expressed by epithelial cells 12, 13 , which indicates a designated role in controlling epithelial function in response to infection. Although IFN-λR is connected to signaling via STAT1 and STAT2, IL-22R engages the STAT3 signaling pathway 14 , and STAT3 signaling has been linked to almost all of the known biological functions of IL-22, in particular to upregulation of the expression of genes encoding antibacterial factors 15 and of genes encoding products that promote tissue repair 16 .
Infection with rotavirus, a double-stranded RNA virus of the Reoviridae family, is a suitable model system with which to analyze the cytokine networks required for protection of the intestinal barrier against viral infection because rotavirus shows 'preferential' tropism for the villous epithelium of the small intestine of infant humans and mice. Rotavirus infection is the leading cause of viral gastroenteritis in infants and causes more than 500,000 fatalities worldwide, annually 17 .
Rotavirus is well adapted to its host, and homologous animal models of rotavirus infection have shown that less than 10 infectious units of virus replicate vigorously and initiate diarrheal disease, including viral shedding and efficient spread to uninfected mice. Such efficient viral replication is mediated in part by the efficient machinery of the virus that allows it to evade recognition by the immune system of the host and/or to suppress interferon-mediated innate immune responses [18] [19] [20] . The mucosal type III interferon system 21 , but not type I interferons, has an important role in curtailing early rotavirus replication in its homologous host to minimize tissue damage 22, 23 .
Given the close relationship between IL-22 and IFN-λ and their concerted action on epithelial cells, we investigated the role of IL-22 in protection against a murine virus with 'preferential' tropism to epithelial cells (IECs) of the small intestine. We found that group 3 innate lymphoid cell (ILC3)-derived IL-22 was required for control of infection with murine rotavirus. IL-1α, an epithelial alarmin released by virus-infected cells, but not IL-23 or IL-1β, mediated high expression of IL-22 by ILC3 cells following infection with rotavirus. IL-22-mediated protection against rotavirus-mediated tissue damage did not require STAT3, a transcription factor involved in almost all previously reported biological activities of IL-22. Instead, IL-22 acted in synergy with IFN-λ for optimal activation of STAT1 and expression of ISGs. Our data identify previously unknown synergy between two cytokines acting on IECs for protection of the intestinal barrier against viral infection. Such synergy between these evolutionarily related cytokines might be harnessed for the clinical therapy of chronic viral infection.
RESULTS

IL-22 curtails rotavirus replication in its homologous host
There is a paucity of information about whether amplifiers of interferon signaling exist that could be harnessed for better control of viral infection. The related cytokines IL-22 and IFN-λ act on the same cellular target (i.e., IECs), but cooperation between these two mucosal cytokine networks has not been explored. We fostered Il22 −/− mice, Ifnlr1 −/− mice and wild-type mice to either wild-type mothers (Fig. 1a,b) or Ifnlr1 −/− mothers (Fig. 1c,d ) and infected them at day 7 of age ('suckling mice') with 7 × 10 2 ID 50 (the median (50%) infectious dose) of homologous murine rotavirus strain EDIM ('epizootic diarrhea of infant mice') and assessed viral load by quantitative RT-PCR analysis of RNA from tissues of the small intestine (Fig. 1a,c) , by measuring virus shed into the colon lumen by enzymelinked immunosorbent assay (ELISA) (Fig. 1b,d ) and by visualizing viral antigen in the small intestine by immunofluorescence staining (Fig. 1e) . In an extension of published work 21 , Ifnlr1 −/− mice had a significantly higher viral burden at day 1 (the peak of viral replication; Supplementary Fig. 1 ) and at day 4 of rotavirus infection (peak of viral shedding; Fig. 1b,d ) than did wild-type mice. The greater viral replication in Ifnlr1 −/− mice was probably independent of the expression of a wild-type Mx1 allele, an ISG whose product is involved in restricting viral replication, because Mx1 status did not affect the control of rotavirus replication ( Supplementary  Fig. 2a) . Strikingly, Il22 −/− mice also had a significant greater viral load, albeit to a lesser extent than did Ifnlr1 −/− mice ( Fig. 1a-d) . Thorough analysis of intestinal pathology in infected mice over the entire extension of the small intestine revealed additional insights. The pathological lesions that follow rotavirus infection are discontinuous, and areas of histopathological damage are interspersed with healthy tissue. Therefore, we analyzed the entire small intestine to assess the extent of tissue damage. In wild-type mice, replicating rotavirus was restricted to the distal third of the small intestine, whereas in both Il22 −/− and Ifnlr1 −/− mice, viral replication was present throughout the full extension of the small intestine (Fig. 1e,f) . These data indicated that signaling via IL-22 and IFN-λ protected in particular the proximal parts of the small intestine against rotavirus infection.
Despite effective viral replication and diarrhea in all mice assessed, histological analysis of tissues of the small intestine from infected wild-type mice showed only moderate damage of the epithelial barrier in the distal small intestine (Fig. 1g,h ). Infected Il22 −/− mice and Ifnlr1 −/− mice exhibited a more severe pathology, characterized by vacuolization, epithelial erosions and villus disruption across the entire small intestine (Fig. 1g,h and Supplementary Fig. 2b ). These data indicated that IL-22 and IFN-λ suppressed viral replication to an extent that prevented the development of severe epithelial damage. Uninfected mice of all genotypes did not show any signs of pathology (data not shown). In addition, rotavirus-infected Il22 −/− and Ifnlr1 −/− mice showed retardation of weight gain compared with that of their infected wild-type counterparts, and their weight was not normalized at almost 3 weeks after infection (Fig. 1i) , when the virus had become undetectable in all mouse strains investigated. Notably, the weight gain of uninfected Il22 −/− and Ifnlr1 −/− mice did not differ from that of wild-type mice (Fig. 1i) , which indicated that the Il22 −/− mice and Ifnlr1 −/− mice had no genetically determined growth retardation.
In contrast to suckling mice, adult wild-type mice infected with 3.5 × 10 4 ID 50 rotavirus did not develop clinically overt symptoms of rotavirus infection, although they had low (but detectable) viral titers both in tissues and in feces ( Supplementary Fig. 2c,d) , which indicated that all mice were infected. Adult mice genetically deficient in Il22 or Ifnlr1 also showed impaired control of rotavirus replication ( Supplementary Fig. 2c,d) . Thus, IL-22 was needed to curtail rotavirus replication in both suckling mice and adult mice. Although IL-22 has been linked to tissue repair after viral infection 24 , we did not find any significant differences (P > 0.05) among infected wild-type, Il22 −/− and Ifnlr1 −/− mice in the proliferation of crypt-resident cells (i.e., stem cells) ( Supplementary Fig. 2e,f) or in the upward migration of differentiating IECs (Supplementary Fig. 2g,h ), which are processes that effectively replace damaged cells following viral infection.
It has been noted that mutations in cytokine-encoding genes can lead to differences in microbial communities, which could affect the course of rotavirus infection. Because distinct microbiota can be acquired through maternal transmission 25 , we fostered newborn Il22 −/− , Ifnlr1 −/− and wild-type pups with either wild-type mothers or Ifnlr1 −/− mothers. We observed no difference in the course of the infection or in the severity of pathology (Fig. 1a-d and data not shown). We also directly examined the microbiota of the small intestine in newborn and adult mice by high-throughput sequencing of 16S rDNA amplicons. Differences in colon-resident microbial communities in adult Il22 −/− mice have been reported 26 . However, we found no significant difference between adult wild-type mice and adult Il22 −/− mice, between litters of adult mice, or between genotypes within litters of adult mice in the composition of the microbiota of the small intestine ( Supplementary Fig. 3a-c and Supplementary Table 1) . By principal-coordinate analysis and analysis of molecular variance, we found the microbiota of suckling mice to be highly litter specific ( Supplementary Fig. 3d-f and Supplementary Table 2) . Thus, the course of rotavirus infection in the mouse strains investigated was not determined by differences in microbial communities.
Production of IFN- by rotavirus-infected IECs IFN-λ production was induced substantially following rotavirus infection (Fig. 2a) regardless of the Mx1 status of the mice (Supplementary Fig. 2a ), but the cellular sources of IFN-λ production npg A r t i c l e s remained obscure. IFN-λ production has been documented for virusinfected epithelial cells 21 and for hematopoietic cells (for example, mononuclear phagocytes and plasmacytoid dendritic cells) 27, 28 . Using the EDTA dissociation method, we separated epithelial cells and hematopoietic cells from uninfected and rotavirus-infected mice. We found larger amounts of Ifnl2 and Ifnl3 transcripts (which encode IFN-λ2 and IFN-λ3, respectively; the primer pair detected both Ifnl2 and Ifnl3) in the epithelial fraction of both rotavirusinfected suckling mice (Fig. 2b) and rotavirus-infected adult mice (Supplementary Fig. 4a) . We confirmed the purity of the isolated cells by differences in the abundance of rotavirus transcripts ('preferentially' present in IECs; Supplementary Fig. 4b ) and of the expression of tissue-specific genes, which allowed discrimination of hematopoietic cells of the lamina propria (with higher expression of Ptprc, which encodes CD45, a marker of all hematopoietic cells) versus IECs (that express Cdh1, which encodes E-cadherin) ( Supplementary Fig. 4c,d ).
As the epithelial fraction contained IECs and intraepithelial leukocytes, we purified IECs and hematopoietic cells to high purity on the basis of differential expression of the adhesion molecule EpCAM and leukocyte marker CD45 (Supplementary Fig. 4e ) and found Ifnl2 and Ifnl3 transcripts predominantly in EpCAM + CD45 − IECs (Fig. 2c) . Thus, IECs , not hematopoietic cells, were the main source of IFN-λ following rotavirus infection. To determine the cell type that was responding to IFN-λ, we monitored the expression of three ISGs in IECs or hematopoietic cells following rotavirus infection in wild-type and Ifnlr1 −/− mice. In IECs (EpCAM + cells) of the small intestine, ISG expression was entirely IFN-λR dependent ( Supplementary Fig. 4f-h ). Thus, IECs not only were the main producers of IFN-λ following rotavirus infection but also responded to IFN-λ, which indicated that the IFN-λ network was an IECautonomous anti-viral defense pathway.
Rotavirus infection enhances IL-22 production by ILC3 cells
Although IECs were the main source of IFN-λ in rotavirus-infected mice, Il22 was expressed exclusively by hematopoietic cells of the lamina propria of the small intestine in both suckling mice ( Fig. 2d ) and adult mice ( Supplementary Fig. 5a ), and rotavirus infection led to substantially enhanced Il22 expression ( Fig. 2d and Supplementary Fig. 5a ). IL-22 can be produced by ILC3 cells 29 , the T H 17 subset of helper T cells 30 , subsets of γδ T cells 31 and possibly neutrophils 32 . The IL-22-producing cells in rotavirusinfected mice expressed the transcription factor RORγt but not the integrin CD11b (α M ) or the signal-transduction receptor CD19 ( Supplementary Fig. 5b,c) or the invariant signaling protein CD3 (Fig. 2e) , which excluded the possibility that neutrophils or T cells were sources of substantial IL-22 after rotavirus infection. IL-22 production by RORγt + non-B, non-T cells was indicative of ILC3 subsets. On the basis of differential expression of the chemokine receptor CCR6, two major ILC3 populations have been identified 33 . As the newborn intestine contains only small numbers of CCR6 neg-lo RORγt + ILC3 cells (including the NKp46 + subset of ILC3 cells) 33 , the main source of IL-22 in response to rotavirus infection was prenatally WT Il22 Fig. 5d ). Thus, two evolutionarily related cytokines simultaneously acting on epithelial cells, IFN-λ produced by infected IECs and IL-22 produced by CCR6 + ILC3 cells, curtailed rotavirus infection and protected against severe damage to the epithelial barrier.
Ifnlr1
Following rotavirus infection, both the fraction of ILC3 cells producing IL-22 ( Fig. 2e,f) and the absolute number of IL-22-producing ILC3 cells (Fig. 2g) increased significantly. We assessed whether ILC3 deficiency would lead to increased virus replication. Indeed, mice lacking IL-22-producing ILC3 cells (Ahr ∆ILC3,T mice and Rorc −/− mice) 34, 35 were unable to effectively control rotavirus infection as suckling mice ( Fig. 2h) and as adult mice (Supplementary Fig. 5e ). This demonstrated that RORγt + ILC3 cells were a central component of the dampening of replication of a virus with 'preferential' tropism for the epithelium of the small intestine. In an extension of published data 36 , we found that shedding of rotavirus in mice lacking adaptive immune system components (i.e., Rag2 −/− mice, which lack all T cells and B cells, and Tcrb −/− Tcrd −/− mice, which lack αβ and γδ T cells) was comparable to that observed in wild-type mice (Supplementary Fig. 5e ). In contrast, alymphoid Rag2 −/− Il2rg −/− mice, which have a largely normal mononuclear phagocyte compartment but lack all ILC subsets as well as conventional lymphocytes, had a higher rotavirus burden, similar to Ifnlr1 −/− mice and Il22 −/− mice ( Fig. 2h and Supplementary Fig. 5e) ; these results ascribed an important role to ILCs in curtailing rotavirus infection.
IL-1 enhances IL-22 production by ILC3 cells
We sought to determine which virus-induced factors were required for the enhanced expression of IL-22 by ILC3 cells. IFN-λ signals were not required for the IL-22 production, because Ifnlr1 −/− mice showed no reduction in expression of IL-22 ( Supplementary Fig. 5f ) or its receptor (Supplementary Fig. 5g ) relative to that in wild-type mice, at steady state or following rotavirus infection. In fact, IL-22 production was enhanced in Ifnlr1 −/− mice at day 4 following rotavirus infection ( Supplementary Fig. 5f ); this correlated with increased expression of the antibacterial lectin RegIIIγ (Supplementary Fig. 5h,i) , which is under the control of IL-22 (refs. 15,29). Published work has assigned an important role to the mononuclear phagocyte-derived cytokines IL-23 (ref. 37 ) and IL-1β 38 in controlling IL-22 production by ILC3 cells. However, the production of IL-23 ( Fig. 3a) and IL-1β (Fig. 3b) was not significantly enhanced following rotavirus infection, and transcripts encoding these cytokines were elevated only slightly after infection (Supplementary Figs. 1e,f and 6a,b) . These cytokine-encoding mRNAs were present in lamina propria leukocytes (LPLs), but their abundance was not elevated in IECs (Supplementary Fig. 6a,b) . In contrast, rotavirus infection significantly enhanced expression of the alarmin IL-1α by IECs, at the level of both protein (Fig. 3c) and mRNA ( Fig. 3d and Supplementary  Fig. 1d) . LPLs contained few Il1a transcripts (Fig. 3d) . The amount of IL-1α protein available after rotavirus infection was more than tenfold larger than that of IL-23 or IL-1β (Fig. 3a-c) . Mice deficient in Il23a (which encodes the p19 subunit of IL-23) had normal expression of IL-22 ( Fig. 3e) and IFN-λ (Supplementary Fig. 6c ) and had rotavirus titers (at day 4) similar to those of their wild-type counterparts (Fig. 3f) , whereas Il1r1 −/− mice, which lack signaling via both IL-1α and IL-1β, showed significantly enhanced viral replication relative to that of their wild-type counterparts (Fig. 3f) . The diminished viral control in Il1r1 −/− mice was probably due to lower expression of Il22 in their LPLs (Fig. 3e) , because their expression of IFN-λ was not reduced (Supplementary Fig. 6c) .
To identify the relevant type of IL-1 required for IL-22 production and for curtailing rotavirus replication, we injected neutralizing antibodies specific for either IL-1α or IL-1β into mice before infecting the mice with rotavirus. Neutralization of IL-1α abrogated the rotavirusinduced IL-22 expression (Fig. 3g and Supplementary Fig. 6d-f ) and led to enhanced replication of rotavirus (Supplementary Fig. 6g ) and shedding of rotavirus (Fig. 3h) and substantially aggravated epithelial pathology (Fig. 3i,j) . Neutralization of IL-1β had no such effect (Fig. 3g-j and Supplementary Fig. 6d-g ). We monitored the effectiveness of the antibody treatment by evaluating the expression of IL-1-induced genes and found this expression was reduced after injection of antibodies to IL-1α or IL-1β (Supplementary Fig. 6h,i) , which confirmed effective neutralization of these cytokines. Ex vivo, Fig. 1a,c) . Fig. 1a,c) . Fig. 1a,c) . ND, not detectable (or not able to be displayed on the scale here). *P < 0.05, **P < 0.01 and ***P < 0.001 (Student's t-test (a,c), two-way ANOVA (b,d,f,g) or one-way ANOVA (h)). Data are representative of two independent experiments (a,c,h; mean and s.e.m. of n ≥ 6 (a)
IL-1α was as efficient as IL-1β in inducing IL-22 production from ILC3 cells (Fig. 3k,l) . Thus, the epithelial alarmin IL-1α produced and released in response to rotavirus infection was required for the enhanced production of IL-22 by RORγt + ILC3 cells and for the curtailment of rotavirus replication.
Synergism of IL-22 and IFN- for optimal expression of ISGs
We next sought to determine how IL-22 limited viral replication. IL-22 was not required for the expression of IFN-λ (Fig. 4a) or its receptor (Fig. 4b) . Although expression of Ifnl2 and Ifnl3 was similar in wild-type mice and Il22 −/− mice at day 1 following infection, Il22 −/− . (e-h) Viral load in 2-week-old wild-type mice (e,f), Il22 −/− mice (g) or Ifnlr1 −/− mice (h) given subcutaneous injection of PBS, mouse IL-22 or mouse IFN-λ2 (keys) 8 h before infection with rotavirus, followed by repeated injection on days 1 and 2 after infection and analysis on day 3 after infection (assessed and presented as in Fig. 1a,c) (e,g,h) or by ELISA of colon homogenates (f). Each symbol (d,f) represents an individual mouse; small horizontal lines indicate the mean (±s.e.m.). *P < 0.05, **P < 0.01 and ***P < 0.001 (one-way ANOVA (a-f) or Student's t-test (g,h)). Data are representative of three independent experiments (a,b; mean and s.e.m. of n ≥ 5 mice per group) or two independent experiments (c,e-h; mean and s.e.m. of n ≥ 5 (c), n ≥ 6 (e,f) or n ≥ 4 (g,h) mice per group) or are pooled from two independent experiments (d; n ≥ 12 mice per group)).
A r t i c l e s
mice produced roughly twofold more IFN-λ at day 4 following rotavirus infection than did wild-type mice (Fig. 4a) , probably because of the higher viral titers in Il22 −/− mice ( Fig. 1a-e) . However, the abundance of Ifnl2 and Ifnl3 transcripts was five-to eightfold lower at day 4 than at day 1 in both genotypes ( Fig. 4a and Supplementary Fig. 1b) . Rotavirus infection led to significant downregulation of expression of mRNA encoding IFN-λR, regardless of the presence or absence of IL-22 ( Fig. 4b and Supplementary Fig. 1i ), whereas the expression of mRNA encoding IL-22R was unchanged (Supplementary Fig. 5g ). Thus, IFN-λ signaling might become limiting during rotavirus infection, perhaps because of the downregulation of IFN-λR expression by IECs or of other perturbations of the IFN-λ signaling pathway 19, 20, 23 .
We compared viral control in Il22 −/− mice, Ifnlr1 −/− mice and mice doubly deficient in both IL-22 and IFN-λR (Il22 −/− Ifnlr1 −/− mice). Il22 −/− Ifnlr1 −/− mice did not have significantly higher viral titers than those of Ifnlr1 −/− mice or Il22 −/− mice (Fig. 4c,d ). The absence of any synergistic or additive effects of combined deficiency in Ifnlr1 and Il22 relative to the effect of single deficiency in Ifnlr1 might indicate that IL-22-mediated virus control requires a functional IFN-λ signaling pathway. To experimentally address this, we subcutaneously injected IL-22 or IFN-λ into 12-day-old mice 8 h before rotavirus infection and at days 1 and 2 after infection and analyzed viral replication at day 3 after infection. Although injection of IL-22 or IFN-λ into wildtype mice (Fig. 4e,f) or of IFN-λ into Il22 −/− mice ( Fig. 4g) led to a significant reduction in viral titers, injection of IL-22 into Ifnlr1 −/− mice did not affect rotavirus replication (Fig. 4h) . This demonstrated that the effect of IL-22 on rotavirus replication required a functional IFN-λ signaling pathway. As IL-22 and IFN-λ act on IECs, we isolated epithelial cells from wild-type, Il22 −/− and Ifnlr1 −/− mice at day 1 ( Fig. 5a and Supplementary Fig. 7a ) and day 4 ( Supplementary Fig. 7b ) after rotavirus infection and profiled the cellular transcription. At day 4 of infection, genes that are targets of IL-22 (for example, Reg3g and Reg3b) were not upregulated in Il22 −/− mice but were overexpressed in Ifnlr1 −/− mice (Supplementary Fig. 7b) , which reflected the increased IL-22 expression in Ifnlr1 −/− mice (Supplementary Fig. 5f ). ISGs were not induced or were only very weakly induced in Ifnlr1 −/− mice ( Fig. 5a and Supplementary Fig. 7a-d) . The upregulation of ISGs was also diminished in Il22 −/− mice relative to that in wild-type mice ( Fig. 5a and Supplementary Fig. 7a-d) . In general, the upregulation of ISGs was more profoundly impaired in Ifnlr1 −/− mice than in Il22 −/− mice ( Fig. 5a and Supplementary Fig. 7a-d) . However, the various ISG families differed in the extent to which they depended on IFN-λR, IL-22 or both. This probably resulted from the complex mechanisms for the regulation of ISG induction and from the fact that the various ISGs contain different numbers of interferon-stimulated response elements and/or IFN-γ-activated site sequences in their promoters 39 . Furthermore, we detected a 16-fold induction of Stat1 mRNA expression in wild-type mice upon rotavirus infection, which was impaired in Il22 −/− mice and was even more impaired in Ifnlr1 −/− mice ( Fig. 5a and Supplementary Fig. 7a) . The positive feedback loop of activation by STAT1 and newly synthesized STAT1 protein is required for the full induction of ISGs and is impaired in Il22 −/− mice 39 .
We experimentally assessed whether IL-22 was able to act in synergy with IFN-λ for optimal induction of ISGs by assessing the expression of six representative ISGs (i. 
npg
A r t i c l e s IL-22 alone did not induce ISG expression, it potently enhanced IFN-λ-induced ISG expression, and this effect was most significant when IFN-λ concentrations were limiting (Fig. 5b-e and Supplementary Fig. 7e-l) . We obtained similar results for wild-type mice treated in vivo with IL-22 and IFN-λ before analysis of the expression of Isg15 and Oasl2 in IECs (Fig. 5f,g ). In vivo, IL-22 alone was able to induce robust ISG expression in adult mice (Fig. 5f,g ). This required constitutive, low expression of IFN-λ by IECs and signaling via IFN-λ within IECs (Supplementary Fig. 4a ), because injection of IL-22 alone did not upregulate ISG expression in Ifnlr1 −/− mice (Fig. 5h,i) . Notably, IL-22 and IFN-λ acted in synergy to curtail the replication of two other viruses that can infect epithelial cells: poliovirus (Fig. 5j) and vesicular stomatitis virus (Fig. 5k) . Thus, IL-22 limited viral replication in epithelial cells by potentiating IFN-λ-dependent ISG expression in IECs.
IL-22-mediated virus control is independent of STAT3
Almost all of the biological effects of IL-22 identified so far are believed to be mediated by the induction of STAT3 signaling downstream of the IL-22R in epithelial cells 14, 16 . To address the role of STAT3 signaling within IECs in the context of rotavirus infection, we generated mice with deletion of Stat3 in all IECs via deletion of loxP-flanked Stat3 alleles (Stat3 fl/fl ) by Cre recombinase expressed from the IEC-specific Vil1 promoter (Stat3 fl/fl × Vil1-Cre; called 'Stat3 ∆IEC ' here; Supplementary Fig. 8a,b) . In an extension of our data demonstrating normal proliferation and migration of stem cells in infected Il22 −/− mice ( Supplementary Fig. 2e-h ), Stat3 ∆IEC mice showed no deviation in rotavirus titers relative to that of wild-type mice ( Fig. 6a) and had normal expression of Isg15 ( Fig. 6b and Supplementary Fig. 8c ), although their expression of genes that are recognized targets of STAT3 (for example, Reg3g, Birc5 and Pla2g2a) was significantly lower during steady state (Supplementary Fig. 8d-f ) and after rotavirus infection (Fig. 6c-h ) than that in wild-type mice. Thus, the IL-22-induced and STAT3-controlled gene-expression program in epithelial cells was dispensable for the IL-22-mediated suppression of viral replication.
Synergism of IL-22 and IFN- for optimal activation of STAT1
Published data obtained with hepatoma cell lines have indicated that IL-22 might also connect to the STAT1 signaling pathway 7, 40, 41 , which provides a testable hypothesis for how IL-22 might act together with IFN-λ signaling. We stimulated IECs with 'graded' doses of IFN-λ in the presence or absence of IL-22 and analyzed the phosphorylation of STAT proteins. In cell lines, IL-22 or low doses of IFN-λ induced only weak phosphorylation of STAT1, whereas high doses of IFN-λ led to robust phosphorylation of STAT1 (Fig. 6i) . Notably, a combination of a low dose of IFN-λ and stimulation with IL-22 led to phosphorylation of STAT1 comparable to that achieved by stimulation with a high dose of IFN-λ (Fig. 6i) . Application of IL-22 or IFN-λ in vivo led to weak phosphorylation of STAT1 in IECs ( Fig. 6j and Supplementary Fig. 8g ). Combined application of IL-22 and IFN-λ led to synergistically enhanced formation of phosphorylated STAT1 (Fig. 6j) and high expression of mRNA from ISGs (data not shown).
We obtained similar results in vitro with two independent IEC lines ( Fig. 6k and Supplementary Fig. 8h,i) . Although phosphorylation of STAT3 was induced only by IL-22 ( Fig. 6i-k and Supplementary  Fig. 8g-i) , phosphorylation of STAT2 required the presence of IFN-λ and was not induced by IL-22 (Fig. 6k) . Injection of IL-22 failed to A r t i c l e s enhance ISG expression in Stat1 −/− mice (Fig. 7a,b) , whereas Stat3 ∆IEC mice showed normal ISG expression following rotavirus infection (Fig. 6b) . We also assessed the expression of the genes encoding SOCS1 and SOCS3, which are inhibitory regulators of STAT signaling. The expression of Socs1 and Socs3 was not higher in Il22 −/− mice than in wild-type mice (Supplementary Fig. 8j ), which ruled out the possibility that the enhanced replication of rotavirus in the absence of IL-22 was due to enhanced expression of negative regulators of STAT1 signaling. Socs3 expression was not altered in Ifnlr1 −/− mice relative to that in wild-type mice, whereas Socs1 expression was lower in Ifnlr1 −/− mice than in wild-type mice (Supplementary Fig. 8j) , consistent with the finding that Socs1 expression can be induced by STAT1 signaling 42 . Thus, our data demonstrated that IL-22 and IFN-λ acted synergistically for the phosphorylation of STAT1, which was needed to curtail viral replication in IECs and to limit tissue damage. To more definitively address the role of STAT1 in the enhanced expression of ISGs following stimulation with IFN-λ and IL-22, we used small interfering RNA to mediate the knockdown of STAT1 or STAT3 in IECs (Supplementary Fig. 8k ) and assessed the expression of ISGs. The combination of IL-22 and IFN-λ led to significantly higher expression of mRNA from ISGs than did stimulation with IFN-λ alone, and this synergy was entirely dependent on STAT1, not STAT3 ( Fig. 7c and Supplementary Fig. 8k ). We reasoned that if STAT1 signaling were the central signaling pathway that mediated the cooperation between IFN-λ and IL-22, then the phenotype of Stat1 −/− and Il22 −/− Ifnlr1 −/− mice would be mostly similar. The replication of rotavirus (Fig. 7d) and induction of Isg15 (Fig. 7e) were largely similar in Stat1 −/− mice and Il22 −/− Ifnlr1 −/− mice. However, Stat1 −/− mice showed significantly more shedding of virus via the feces than did Il22 −/− Ifnlr1 −/− mice (Fig. 7f) , suggestive of additional STAT1-mediated effects on the shedding of virus that were independent of IL-22 and IFN-λ. Thus, the cooperation between the mucosal cytokines IL-22 and IFN-λ for the optimal induction of ISGs and for the curtailment of rotavirus replication could be explained to a large extent by the cooperation of these cytokines in the optimal activation of STAT1.
DISCUSSION
Border surfaces such as those of the intestinal epithelium are major entry ports for viruses, and they need multi-layered and fail-safe mechanisms of protection. Here we have identified close cooperation of two evolutionarily related mucosal cytokine networks (i.e., IFN-λ and IL-22) 5, 6 that acted synergistically to curtail mucosal viral infection, including infection with rotavirus, the leading cause of childhood gastroenteritis worldwide. Our data demonstrated that IFN-λ production by IECs alone, although required 21 , was not sufficient to limit rotavirus-inflicted damage to IECs. Instead, the concerted action of IL-22 provided by ILC3 cells and IFN-λ was required for effective control of rotavirus replication. The related receptors for IL-22 and IFN-λ were expressed almost exclusively by epithelial cells, and simultaneous engagement of both receptors on IECs was required for effective induction of ISGs that conferred an antiviral state to IECs. It is notable that type I interferons made only a minor contribution to immunity to homologous rotavirus infection, whereas they are required for immunity to infection with heterologous rotaviruses (for example, infection of mice with rhesus macaque rotavirus) 22, 43 . Such findings reflect the low expression of the receptor for type I interferons by IECs and strong adaptation of rotavirus strains to their homologous hosts and the existence of strategies for evasion of the immune system that target the interferon pathways 19, 20, 23 . It has been demonstrated that IFN-λ, not type I interferons, controls persistent enteric infection with another important and health-relevant intestinal virus, norovirus 44, 45 . Collectively, such data identify IFN-λ as an important antiviral defense strategy at the intestinal barrier.
Following infection with rotavirus, IECs produced and released IL-1α, an epithelial alarmin that enhanced IL-22 production by CCR6 + ILC3 cells. IL-23 (ref. 37 ) and IL-1β 38 expressed by hematopoietic cells have been shown to be major regulators of IL-22 expression at steady state and in the context of inflammatory responses. However, during rotavirus infection, neither IL-23 nor IL-1β was needed to sustain IL-22 expression. Instead, only neutralization of IL-1α inhibited the production of IL-22 by ILC3 cells after rotavirus infection. Another cytokine of the IL-1 family, IL-18, is produced by epithelial cells, and release of IL-18 is required for the detrimental abundant production of IL-22 following infection with Toxoplasma gondii 46 . Collectively, these data add to the emerging concept that cytokines of the IL-1 family that are produced by epithelial cells (i.e., IL-1α and IL-18) are an important determinant of IL-22 production by ILC3 cells.
IL-22 has been linked to regulation of the expression of antimicrobial peptides in IECs required for protection against bacterial infection 15, 47 and to the promotion of tissue protection and repair Fig. 1a,c) . (c) Quantitative RT-PCR analysis of Isg15 in IEC6 cells treated with control (Ctrl) or STAT1-or STAT3-specific small interfering RNA (key) and stimulated for 16 h with various combinations (below plot) of IL-22 (100 ng/ml) and/or IFN-λ2 (100 ng/ml) (presented as in Fig. 1a,c) . (d) Rotavirus replication in the small intestine of wild-type, Stat1 −/− or Il22 −/− Ifnlr1 −/− suckling mice at day 1 or day 4 after infection with rotavirus (assessed and presented as in Fig. 1a,c) . (e) Quantitative RT-PCR analysis of Isg15 in IECs of the small intestine of mice as in d (presented as in Fig. 1a,c) . (f) ELISA of the shedding of virus into colon tissue of mice as in d at day 4 after infection. Each symbol represents an individual mouse; small horizontal lines indicate the mean (± s.e.m.). *P < 0.05, **P < 0.01 and ***P < 0.001 (two-way ANOVA). Data are representative of two independent experiments (a,b,d-f; mean and s.e.m. of n ≥ 3 (a,b) or n ≥ 4 (d-f) mice per group) or four independent experiments (c; mean and s.e.m. of n ≥ 3 mice per group). npg A r t i c l e s following various types of epithelial insults, such as dextran sodium sulfate-mediated colitis 16 , irradiation 48 , graft-versus-host disease 49 and infection with influenza virus 24 . Almost all of the biological functions assigned to IL-22 have been linked to STAT3 signaling in epithelial cells, although it is known that IL-22 can lead to weak activation of STAT1 in several cell lines 7, 40, 41 . However, the biological consequences of such IL-22-driven activation of STAT1 have not been explored. Published data have shown that injection of IL-22 into rotavirus-infected mice leads to a reduction in viral load, an effect independent of type I and type II interferons 50 . However, the mechanism by which IL-22 restrains viral replication remained unknown, and whether endogenously produced IL-22 has any role in restricting rotavirus infection was not addressed.
Our data have now demonstrated that cooperation between IL-22 and IFN-λ for synergistic activation of STAT1 was required for optimal transcription of ISGs and for limiting the replication of mucosal viruses such as rotavirus, poliovirus and vesicular stomatitis virus. Collectively, our data assign a notable and previously unappreciated role to IL-22 for curtailing viral infection. The cooperation between an epithelial cell-autonomous antiviral defense system (type III interferon) with an evolutionarily related but hematopoietic cell-derived cytokine (IL-22), both of which act on epithelial cells, might indicate a second layer of viral control that became necessary, throughout the co-evolution of viruses and vertebrate hosts, for those hosts to fend off strategies by which viruses evade the immune system, such as downregulation of IFN-λR expression and interference with STAT1 signaling by rotavirus 18 . Notably, in humans and mice, rotavirus infects mainly infants. Therefore, our data contribute to the understanding of immunity in early life, when components of adaptive immune system are not yet fully operative. These results represent an advance in the understanding of how mucosal cytokine networks act together for efficient antiviral immunity to limit damage at the epithelial barrier.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. European Nucleotide Archive: microbiota 16S rDNA amplicon data, PRJEB8991.
Statistical analysis. GraphPad Prism 6.0 software was used for data analysis. Statistical significance was determined by two-tailed t-test for two groups or one-way ANOVA (with Tukey's multiple comparisons test) for three or more groups with the assumption of normal distribution of data and equal sample variance. Two-way ANOVA was used when one measurement was performed on samples with two nominal variables (for example, infected vs. uninfected and different genotypes or cell types). Sample sizes were selected on the basis of preliminary results to ensure an adequate power. All experimental data were included in the statistical analyses.
